Abstract. The design of dynamic torsional vibration dampers of piston internal combustion engines is generally based on the principle of a dynamic damper with one degree of freedom in which the coupling of the seismic mass of the damper to the basic dynamic system is realized by a two-parameter parallel rheological model. With known realizations of this principle, it is usually difficult to achieve the optimum value of the respective damper parameters determined from the computational models, which is particularly true for optimal damping values. A dynamic torsional damper, based on the series arrangement principle of the elastic and damping element, offers better design options to achieve the optimum parameters of both the elastic and damping elements.
Introduction
For dynamic torsional vibration dampers in large engines (see Fig. 1 on the left), the optimal parameters of the elastic and damping coupling of the seismic ring can be ensured by suitable design, since the flexible parts are made of metallic elements and the lubricating oil is used as the damping medium. The optimum parameters of such a torsional damper remain stable even during a long-term engine operation.
In smaller engines for commercial vehicles or tractors, the viscoelastic coupling of the damper ring is usually realized with a rubber spring, usually made of natural rubber (see Fig. 1 on the right). The disadvantages of rubber dampers are, in particular, insufficient damping properties of the rubber spring compared with the optimal values resulting from the respective computational models [1] [2] [3] [4] . For internal combustion engines with higher power output, the design of rubber torsional dampers is difficult because the dissipated power in the rubber elements can reach up to hundreds of watts, and insufficient heat removal would cause their destruction. Classical viscous torsional dampers [2, 3] have a relatively low damping effect.
The design of a torsional damper with a serial arrangement of the elastic and damping element uses a viscous torsional damper [2] [3] [4] , whose housing is coupled by a torsion spring to the basic crank mechanism of the engine. 
Optimization strategy to determine the dynamic damper optimal parameters
The characteristic properties of a dynamic torsional vibration damper with 1 degree of freedom and coupling of its seismic mass by a viscoelastic 2-parameter model (Kelvin model) are presented in sources [2] [3] [4] , wherein usually a harmoniously excited basic system with 1 degree of freedom is considered, see Fig. 2 on the left. A viscous damper [3] may be considered a special example of a damper of the above-mentioned type, and the behaviour, therefore, can be easily derived from the condition of zero stiffness of the viscoelastic coupling.
The optimization strategy in the design of dynamic vibration dampers with 1 degree of freedom is based on the existence of the so-called fixed points of the amplitude frequency responses [2, 4] . These are the points of the amplitude frequency responses of the basic system which are determined independently of the damping coefficient value of the damper. In the first stage of the optimization, the ordinates of the fixed points are determined and the optimum value of the tuning of the damper is obtained. In the second stage, the (approximate) optimal degree of damping of the damper can be determined. Only with a viscous damper [2] , the method described leads to a mathematically accurate solution to the problem.
In addition to the common types of dynamic torsional dampers mentioned, it is also possible, in this way, analyse the properties of a damper coupled through a viscoelastic 2-parameter model in a series arrangement. This viscoelastic model (the so-called Maxwell model) was previously considered to be particularly suitable for research on creep and flow processes, see Fig. 2 on the right. Optimization of the 1-degree-of-freedom torsional vibration damper with coupling by the Maxwell rheological model is performed in the case of the 1-degree-of-freedom basic system.
The complex amplitudes of the members of the system in Fig. 2 can be determined from equations:
For an easier comparison of the solution results, it is advantageous to introduce the dimensionless quantities according to Fig. 2 , which are the same for both cases of the viscoelastic 2-parameter couplings: relative damper size , tuning of the damper against the basic system , damping ratio , ratio of the excitation angular frequency to the natural angular frequency of the basic system , static amplitude Φ , magnification function of the torsional moment in the basic system and in the viscoelastic coupling of the damper , etc.
Using the dimensionless parameters according to relationships in Fig. 2 the following equation for the amplitude-frequency characteristic of the basic system is given:
The amplitude frequency responses of the basic system according to (2) are set for a given relative damper size and a given tuning of the damper by two fixed points A, B, irrespective of the value of the damping ratio . Examples of these amplitude frequency responses are shown in Fig. 3 . The coordinates of these points can be most easily represented as intersections of the amplitude frequency responses (2) at extreme values of the damping ratio = 0 and → ∞. For = 0, which physically corresponds to a damper separated from the basic system, follows:
and for → ∞, which from a physical point of view corresponds to the connection of the element to the elastic element , results:
The value of the damper tuning affects the magnitude of the ordinates of the fixed points A, B, the goal of the solution being to minimize these ordinates.
Similar to the damper with a parallel viscoelastic coupling [2] are, in this case with an optimal tuning of the damper , the ordinates of the fixed points A, B minimal and at the same time, they have the same size. If the absolute values of the relative amplitudes according to (3) and (4) are equated to one another, then after conversion for the optimum tuning follows:
and for the ordinates of the fixed points corresponding to the optimum tuning of the damper, the relationship is obtained:
The values of the damping ratio corresponding to the horizontal tangent of the amplitude frequency response at point A or B do not differ too much, which is in line with expectations. From a practical point of view, the arithmetic mean of both values can then be considered and the optimal degree of attenuation expressed by the following relationship:
Comparison of the basic behaviour of vibration dampers with 1 degree of freedom
A comparison of the dependencies for the optimal tuning of both dampers with a parallel and serial viscoelastic 2-parameter coupling is shown in Fig. 4 .
The optimum damping ratio waveforms for different types of torsional vibration dampers are shown in Fig. 5 . 
Application of a torsional vibration damper with serial viscoelastic coupling
The torsional vibration damper utilizing the principle of a viscoelastic serial coupling was applied to a V10 diesel engine for heavy trucks. The design of this damper uses a viscous torsional damper, whose housing is coupled by a torsion spring to the crank mechanism of the engine. Fig. 6 shows the waveforms of the maximum values that are evaluated from calculated periodic signals of the torque at the crank pin by the flywheel [5] [6] [7] . The results of the computational model were subsequently verified by tensometric measurement. 
Conclusions
With known torsional vibration dampers based on the principle of seismic ring coupling by a flexible and damping element in a parallel arrangement, it is usually difficult to achieve the optimum value of the respective damper parameters determined from the computational models, which is particularly true for optimal damping values. This is the main problem with the rubber torsional dampers where in addition difficulties with heat dissipation in the rubber arise. As an alternative, therefore, many larger engines use viscous dampers [8] [9] [10] . Their damping efficiency is, however, relatively low. A better solution in these cases can be a damper with the serial viscoelastic coupling, realized by a viscous torsional damper, whose housing is coupled by a torsion spring to the crank mechanism of the engine. The advantages of such a solution compared to a simple viscous torsional damper were illustrated on a V10 diesel engine.
